Nighttime light imagery provides a perspective for studying urbanization and socioeconomic changes. Traditional global regression models have been applied to explore the nonspatial relationship between nighttime lights and population density. In this study, geographically weighted regression (GWR) identifies the spatially varying relationships between population density and nighttime lights in mainland China. However, the rural population does not have a strong relationship with remote-sensing spectral features. The rural population estimation using nighttime light data alone easily identifies meaningless negative population density in the rural area. This study proposes an adaptive non-negative GWR (ANNGWR) to explore the spatial pattern of population density by using nonnegative constraints with an adaptive bandwidth of kernel. The ANNGWR solves the negative value of population density and serious overestimation of the western boundary. The result shows that the ANNGWR provides the best goodness-of-fit compared with linear regression and original GWR. This study applies Moran's I index to prove that the ANNGWR substantially decreases the spatial autocorrelation of the model residual. The model offers a robust and effective approach for estimating the spatial patterns of regional population density solely on the basis of nighttime light imagery.
Introduction
Population density is a major index for measuring human development and assessing urbanization in urban areas. Gaining accurate and detailed population data is a complicated task in developing countries. This complication results not only from the expensive and time-consuming population data collection but also from the unwillingness of local governments (and the central government) to reveal the population data in every locality. During the economic marketization process in numerous developing countries, rural residents migrate rapidly to urban areas while government regulations on migration remain largely rigid. These unchanged regulations reflect governments' hesitation in promoting human mobility (often for the purpose of social control), and in most cases, this situation considerably affects the release of government statistics on population. Hence, population survey data may have several missing values and sampling bias. Accordingly, to measure the detailed process of urbanization across different localities, researchers cannot only rely on local records. Satellite images here provide a useful global viewpoint. These data are helpful in tracing the detailed process of urbanization [1] [2] [3] .
Using nighttime light imagery for studying urbanization and socioeconomic situations differs greatly from using conventional daytime light satellite remote sensing [1] [2] [3] [4] . The U.S. Air Force's Defense Meteorological Satellite Program/Operational Linescan System (DMSP/OLS) provides the nighttime light data. Previous studies have used the DMSP/OLS sensor to monitor nighttime lights from space and quantify the relationships between human activity and socioeconomic variables and nighttime brightness [1] [2] [3] [4] . Nighttime lights have been extensively used to investigate spatial and temporal trends in various fields, e.g., economic activity [2] , population density [1, 3] , energy use and carbon emissions [5] , natural disasters [6] , city light [7] , regional development, light pollution, wildfires, and fishing. In the present study, we explore the spatial relationship between nighttime lights and population density. We use mainland China as an example to illustrate the relationship between nighttime lights and population survey data. China is one of the most populous countries in the world. The average population density in China in 2015 was 148.8 persons per square km. However, this number alone does not reveal how unevenly the Chinese population is distributed. Studies have found that China is heavily populated on the east coast [8] . The uneven distribution of the spatial population density has created difficulties for researchers in exploring the relationship between nighttime lights and population numbers. Most previous studies have used traditional global regression models and have not considered spatial heterogeneity [4, 9, 10] . Sun et al. [4] applied linear and power regression models to estimate the urban and rural population density. Bustos et al. [9] adopted a polynomial regression model to find the population change in Europe. Lo [10] used a logarithmic regression model to evaluate the population data in China at the provincial, city, and county levels. These studies have neglected the existence of spatial heterogeneity. To overcome this weakness, we utilize the geographically weighted regression (GWR) model [11] , which is a local regression method for identifying spatially varying relationships between population density and nighttime lights in mainland China. Although the GWR can incorporate spatial heterogeneity, the regression sometimes results in invalid or meaningless predictions of the dependent variable. Specifically, the GWR model easily estimates meaningless negative population density in rural areas. A negative population number is problematic in interpretation. The rural population does not have a strong relationship with remote-sensing spectral features; thus, estimating the rural population distribution using the DMSP/OLS nighttime light data alone results in inaccurate data [4, 12] . To address this problem, previous studies have estimated population density using nighttime light and land use data [4, 12] . However, we consider only nighttime light data for the nonnegative least squares where no coefficients are allowed to be negative in the GWR framework without any data transformation, such as log transformation.
This study aims to identify the spatially varying relationships between regional population density data and nighttime light images in mainland China. We develop a statistical framework for using satellite data of nighttime lights to model the population density without any negative population values. Initially, the model considers the non-negative constrained GWR (NNGWR) for eliminating the negative population. The adaptive non-negative GWR (ANNGWR) model is then developed to adjust the bandwidth adaptively for estimating the nonnegative model coefficient. Finally, our proposed method compares favorably with OLS and the original GWR.
Materials and Methods
The nighttime light images used in this study are the DMSP/OLS global nighttime light data products in 2004, 2007, 2010 , and 2013 from the National Oceanic and Atmospheric Administration (http://ngdc.noaa.gov/eog/download.html). The annual cloud-free composites of stable light data at each pixel are recorded as a digital number (DN) from 0 to 63 with a 1 km spatial resolution. For the target variable, 1,905 observations (Figure 1a ) of the annual population at the county level were retrieved from the population survey published in the China Statistical Yearbook [13] .
Every year, the government publishes the China Statistical Yearbook, which is a major source of the country's various socioeconomic data. The Statistical Yearbook provides information at different levels of administrative divisions, and the county level is the lowest level with records. For population data, the government also conducts a national census every 10 years. As the census data are only released every 10 years, the annual population data published in the Statistical Yearbook are widely used in the field, especially those that focus on the evolution of population across years (e.g., reference [14] ). Nonetheless, the population data of mainland China have several missing values (Figure 1b) . In our model, we used the population data in the Statistical Yearbook as our target variable and the nighttime light imagery as the explanatory variable. The whole data were randomly separated into 70% and 30% for independent training and validation, respectively. are only released every 10 years, the annual population data published in the Statistical Yearbook are widely used in the field, especially those that focus on the evolution of population across years (e.g., reference [14] ). Nonetheless, the population data of mainland China have several missing values ( Figure 1b ). In our model, we used the population data in the Statistical Yearbook as our target variable and the nighttime light imagery as the explanatory variable. The whole data were randomly separated into 70% and 30% for independent training and validation, respectively. All coefficients have to be positive values to avoid the negative population problem. Furthermore, the bandwidth was adaptively adjusted for the coefficient estimation in these models. After the fitting, the model coefficients in a spatial map were estimated by inverse distance weighting. Finally, the population density map was created on the basis of the nighttime light image and the estimated coefficients from the models. The models in the study are as follows: the OLS, original GWR, NNGWR considering only the nonnegative constraint, and ANNGWR considering the nonnegative constraint and adaptive kernel bandwidth. GWR allows spatial coefficients to estimate the regression model [11] , which can be expressed as
where is the population density at each county (observation) i. denotes the index of variables. for = 1 represents the nighttime light information (average DN value) at observation i. , refers to the kth coefficient that varies with the spatial coordinates ( , ) at observation i.
, indicates the intercept. , is the slope for nighttime light information in the model.
The estimated coefficient , at each observation i is as follows:
where W , is a spatial weight matrix based on the Euclidean and Gaussian distance decaybased functions. In each matrix element, the spatial weight at any observation is decided by the kernel. The most widely used kernel is the Gaussian kernel function.
where represents the Euclidean distance of variable values between the observation location i and its neighboring j. ℎ denotes the bandwidth for each variable of the kernel Gaussian function. The optimal bandwidth is determined by the cross validation approach in this study [15] . Moreover, the optimal bandwidth is 0.3.
The nighttime light is often positively proportional to the population density, i.e., the positive value of the slope between population density and nighttime light. Thus, the NNGWR model is constrained to nonnegative coefficients. The NNGWR is the local model of least squares (Equation All coefficients have to be positive values to avoid the negative population problem. Furthermore, the bandwidth was adaptively adjusted for the coefficient estimation in these models. After the fitting, the model coefficients in a spatial map were estimated by inverse distance weighting. Finally, the population density map was created on the basis of the nighttime light image and the estimated coefficients from the models. The models in the study are as follows: the OLS, original GWR, NNGWR considering only the nonnegative constraint, and ANNGWR considering the nonnegative constraint and adaptive kernel bandwidth.
GWR allows spatial coefficients to estimate the regression model [11] , which can be expressed as
where Y i is the population density at each county (observation) i. k denotes the index of variables. X ik for k = 1 represents the nighttime light information (average DN value) at observation i. β k (u i , v i ) refers to the kth coefficient that varies with the spatial coordinates (
is the slope for nighttime light information in the model. The estimated coefficientβ k (u i , v i ) at each observation i is as follows:
where W(u i , v i ) is a spatial weight matrix based on the Euclidean and Gaussian distance decay-based functions. In each matrix element, the spatial weight at any observation is decided by the kernel. The most widely used kernel is the Gaussian kernel function.
where dij represents the Euclidean distance of variable values between the observation location i and its neighboring j. h denotes the bandwidth for each variable of the kernel Gaussian function. The optimal bandwidth is determined by the cross validation approach in this study [15] . Moreover, the optimal bandwidth is 0.3.
The nighttime light is often positively proportional to the population density, i.e., the positive value of the slope between population density and nighttime light. Thus, the NNGWR model is constrained to nonnegative coefficients. The NNGWR is the local model of least squares (Equation (4)). At any observation, the constrained least squares where the coefficients are not allowed to become negative were applied [16] .
Accordingly, the ANNGWR consists of the following procedure.
Original GWR: estimate initial β k (u i , v i ) by Equation (2); h at observation i where initial β k (u i , v i ) < 0 is adjusted iteratively; Nonnegative GWR: estimate β k (u i , v i ) by the constrained least squares [16] (Equation (4)).
The local bandwidth was adaptively adjusted when considering Equation (4) to prevent the coefficients from becoming less than zero. The kernel bandwidth was iteratively set to a small value if the regression coefficients within an active constraint were allowed to be positive.
The indices, e.g., R 2 , root mean square error (RMSE), and global and local Moran's I [17] , of model residuals were used for model validation in this study. The models were validated during the 4 years. However, one of them was a demo case in 2007. Table 1 shows the RMSEs of OLS, GWR, NNGWR, and ANNGWR. The GWR model outperforms the OLS. The GWR model is more accurate than the OLS model, which does not consider the spatial variation of coefficients. Figure 3 shows the spatial maps of population density in 2007 from the OLS, GWR, NNGWR, and ANNGWR. The OLS overestimates the population density in the rural area (Figure 3a ). The GWR model with spatial weighting considers the spatial heterogeneity in the regression model between nighttime lights and population density. The GWR model can estimate the spatial relationship of nighttime lights and population density. The negative population density from GWR is found in the western areas of mainland China, e.g., Xinjiang, Mongolia, Tibet, Qinghai, Gansu, and Sichuan (black color in Figure 3b) , where the population density is considerably low. This negative population density in the GWR is unreasonable for interpretation. The GWR is a local regression model for handling spatial heterogeneity of nighttime lights and population density. However, the model easily generates the negative population problem in areas with low population density. The slope coefficient is approximately −50-250 persons/km 2 /DN, and the intercept is −600-600 persons/km 2 in the original GWR. Accordingly, this study further considers the NNGWR model. The slope and intercept coefficients in NNGWR are constrained in 0-180 persons/km 2 /DN and 0-850 persons/km 2 , respectively. The RMSE of NNGWR increases slightly compared with GWR (Table 1 ). Figure 3c shows that the negative population density is improved using the NNGWR. However, the population density is largely overestimated in the western border provinces (Xinjiang and Tibet) using NNGWR.
Results

Model Comparisons among OLS, GWR, NNGWR, and ANNGWR
Previous studies have demonstrated that the spatial autocorrelation of the error term (model residual) in a regression model exists or is not based on global and local Moran's I [18, 19] . The present study provides the values of this index to prove that the GWR, NNGWR, and ANNGWR decrease the spatial autocorrelation of the residual term, i.e., global Moran's I (Table 1) . Global Moran's I in ANNGWR is close to zero, i.e., the random distribution of the residuals. Figure 4 shows the spatial maps of local Moran's I coefficients in the four models. The OLS contains a large number of low-low (LL) points, i.e., low residual values and low neighboring ones, in central China and high-high (HH) points in western area. Several LL points are in the central and coastal areas in the GWR, whereas HH points are in the western area in the NNGWR. The ANNGWR can obtain the best results, e.g., low spatial autocorrelation of the residual term. The ANNGWR has more unsubstantial points than the other models, thereby implying the random distribution of residuals in Figure 5 shows the simulation and observation in the OLS, GWR, NNGWR, and ANNGWR models. The R 2 of OLS is only 0.45 (Figure 5a ). The ANNGWR is the best model (Figure 5d ) without negative values of population density and serious overestimation problems. In the ANNGWR, the kernel bandwidth is adaptive for effective coefficient estimation, if the coefficients are only allowed to be positive. The bandwidth strikes a balance between precision improvement and smoothness by focusing on observations [20] . On the basis of the iterative approach, the suitable bandwidth is modified to 0.01. Figure 6 shows the population density maps of ANNGWR from various bandwidths in 2007. As the bandwidths increase, overestimation of the population density in the western area of mainland China becomes more serious. The population density overestimation can be solved by considering a small bandwidth of nonnegative coefficient estimation. Figure 7a shows the best (nonnegative and without overestimation) spatial maps of population density in ANNGWR. The RMSE and Moran's I of ANNGWR show the best performance (Table 1) . 
ANNGWR Details
Temporal Population Density Maps
By considering multiple years' nighttime images, the details of population change and the pattern of urbanization can be easily traced using the developed method in the present study. Figure  8 shows the simulation of the population density in 2004, 2007, 2010 , and 2013. The figure displays the distribution, shape, and compactness of urban growth over the last decades. Population density, e.g., in areas surrounding the Beijing city and in the Hebei province, has increased remarkably across the years. These results are useful for social scientists in studying the changing patterns of urbanization within a given county and across different localities. For urban planners, efficient and sustainable urban designs are easily developed on the basis of the prediction generated by the ANNGWR. These tasks can hardly be achieved by examining the traditional population data because 
By considering multiple years' nighttime images, the details of population change and the pattern of urbanization can be easily traced using the developed method in the present study. Figure 8 shows the simulation of the population density in 2004, 2007, 2010, and 2013 . The figure displays the distribution, shape, and compactness of urban growth over the last decades. Population density, e.g., in areas surrounding the Beijing city and in the Hebei province, has increased remarkably across the years. These results are useful for social scientists in studying the changing patterns of urbanization within a given county and across different localities. For urban planners, efficient and sustainable urban designs are easily developed on the basis of the prediction generated by the ANNGWR. These tasks can hardly be achieved by examining the traditional population data because the annual survey of population number only reports aggregate data at the county level and does not reflect the detailed spatial differences within a given county. Figure 8 shows that the spatial population density from nighttime light images correctly reflects the huge population disparity between the eastern and western areas in mainland China. Hence, the nighttime light images can successfully explain the current population density patterns on the basis of our model. The maps prove that the most crowded coastal areas of mainland China are near the Yellow, Yangtze, and Pearl Rivers. As shown in the Chinese population density maps, most people are concentrated in large cities, e.g., Shanghai, Beijing, Tianjin, Shenzhen, and Guangzhou. This finding echoes the findings of Lo [10] , where the urbanization of large cities in mainland China can be defined from the nighttime light images. Moreover, the urban expansion near the Yangtze River occurred at an increasing rate until 2007 [21] .
In future research, urban and rural areas should be clustered and modeled to increase the model performance. In this manner, regional difference between urban and rural areas can be considered using land use data, nighttime light imagery, and optimization algorithm [4, 22] . Future research can also use nighttime light data with the DN calibration process to characterize urbanization dynamics [23, 24] . 
Conclusions
This study proposes a population density mapping scheme solely on the basis of nighttime light images and population survey data and offers an effective approach for exploring the spatial patterns of regional population density using ANNGWR. The GWR model is a spatial regression method and is useful in identifying spatially varying regression coefficients between the remote sensing and survey data. However, this model easily identifies meaningless negative population density in rural areas on the basis of nighttime light data. The ANNGWR solves the negative value of population density and serious overestimation problem from GWR. With this setting, the model provides further details on the space variations of population. The ANNGWR has the best goodness-of-fit and lowest Moran's I coefficient compared with OLS and GWR. This model offers a robust approach for estimating the spatial patterns of population density in mainland China. 
This study proposes a population density mapping scheme solely on the basis of nighttime light images and population survey data and offers an effective approach for exploring the spatial patterns of regional population density using ANNGWR. The GWR model is a spatial regression method and is useful in identifying spatially varying regression coefficients between the remote sensing and survey data. However, this model easily identifies meaningless negative population density in rural areas on the basis of nighttime light data. The ANNGWR solves the negative value of population density and serious overestimation problem from GWR. With this setting, the model provides further details on the space variations of population. The ANNGWR has the best goodness-of-fit and lowest Moran's I coefficient compared with OLS and GWR. This model offers a robust approach for estimating the spatial patterns of population density in mainland China.
In a nutshell, our findings contribute to the study of the spatiotemporal patterns of urbanization in developing countries. After correcting the problems of meaningless negative values and overestimation, the results can help predict population density. We can analyze the detailed urbanization process within a given local area and across different years. Furthermore, our study helps handle the missing values in several government-released population records. As mentioned, in numerous developing countries, the government may influence the release of data, thereby leading to missing records. Our estimation provides a reasonable correction of this problem. In addition, other factors correlating with population density, such as landform and land cover, should be further considered in future research.
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